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Abstract

In this study, we used a polydimethylsiloxane (PDMS)-based platform for the generation of intact, perfusion-competent
microvascular networks in vitro. COMSOL Multiphysics, a finite-element analysis and simulation software package, was
used to obtain simulated velocity, pressure, and shear stress profiles. Transgene-free human induced pluripotent stem cells
(hiPSCs) were differentiated into partially arterialized endothelial cells (hiPSC-ECs) in 5 d under completely chemically defined
conditions, using the small molecule glycogen synthase kinase 3f3 inhibitor CHIR99021 and were thoroughly characterized for
functionality and arterial-like marker expression. These cells, along with primary human umbilical vein endothelial cells
(HUVECG:), were seeded in the PDMS system to generate microvascular networks that were subjected to shear stress.
Engineered microvessels had patent lumens and expressed VE-cadherin along their periphery. Shear stress caused by flowing
medium increased the secretion of nitric oxide and caused endothelial cells s to align and to redistribute actin filaments parallel
to the direction of the laminar flow. Shear stress also caused significant increases in gene expression for arterial markers
Notch| and EphrinB2 as well as antithrombotic markers Kruppel-like factor 2 (KLF-2)/4. These changes in response to shear
stress in the microvascular platform were observed in hiPSC-EC microvessels but not in microvessels that were derived from
HUVECs, which indicated that hiPSC-ECs may be more plastic in modulating their phenotype under flow than are HUVECs.
Taken together, we demonstrate the feasibly of generating intact, engineered microvessels in vitro, which replicate some of
the key biological features of native microvessels.
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Vascular endothelial cells (ECs) line the entire circulatory
system, including the large arteries as well as small capillary
microvessels. Within different tissues, microvascular ECs
possess unique functional and phenotypic features specific
to that microenvironment.! However, current methods for

EC culture in vitro rely on growing cells as 2-dimensional,  g,picted: August 25, 2016. Revised: January 31, 2017. Accepted:

flat monolayers, which does not recapitulate the complex
microenvironmental context that is present in vivo. In addi-
tion, whereas the compressive modulus of endothelial base-
ment membrane is in the range of 2 to 3 kpa,2 the stiffness of
tissue culture plastic is in the gigapascal range, which is far
stiffer than most living tissues.’ As such, primary ECs that
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are cultured on tissue culture plastic rapidly dedifferentiate,
downregulating important genes and losing their specialized
characteristics.* Furthermore, in vitro culture raises the basal
turnover rate of ECs to 1% to 10% per day, from roughly
0.1% per day in vivo.’

To date, significant headway has been made in micro-
systems engineering, and multiple groups have described
biomimetic microfluidic cell culture systems. These sys-
tems are populated with living human cells, have micro-
meter (5 to 200 um) scale resolution with physiologically
relevant microarchitectural details, and can be continuously
perfused, overcoming many of the constraints of statically
cultured monolayers of cells.®” In particular, polydi-
methylsiloxane (PDMS), a polymeric organosilicon mate-
rial, has many benefits: It is transparent, gas permeable,
deformable and exhibits low autofluorescence. Detailed
protocols now exist for the development of reproducible
microfluidic platforms that can apply defined biochemical
and mechanical stimuli to multiple cell types interacting
over distances of less than 1 mm.'*'? Although several
tools are available for the study of microvessel function
in vitro, there still exist significant knowledge gaps with
regard to some of their key biological features, such as
nitric oxide (NO) production, antithrombotic, and anti-
inflammatory phenotype, as well as arterial versus venous
specification in response to flow.

Human induced pluripotent stem cells (hiPSCs) repre-
sent a powerful platform for studying vascular biology for
several reasons, including the ability to generate tissue-
specific cells, including EC subtypes such as microvascular
ECs,"? and the ability to scale up to derive an unlimited
quantity of cells for tissue engineering applications. We
previously reported the generation of large numbers of
functional ECs derived from hiPSCs using an embryoid
body (EB)-based differentiation protocol. We found that
these cells could be matured into an arterial-like pheno-
type under shear stress in a biomimetic, large vessel flow
bioreactor.'* We also demonstrated the plasticity'® of
hiPSC-ECs, which have never been exposed to flow,
as compared to primary human ECs, in taking on a more
vasoprotective phenotype.'® Thus, it appears that hiPSC-
ECs respond to biomechanical cues and can be directed
toward specific EC subtypes.

Recent work has shown that temporal activation of Wnt
signaling through the small molecule glycogen synthase
kinase 3P (GSK3p) inhibitor CHIR99021 (referred to here
as CHIR) can drive large numbers of hiPSCs toward an EC
or endothelial progenitor cell-like state in the absence of
growth factors.'”'® The likely mechanism of endothelial
specification and induction by CHIR is through the Wnt/f-
catenin signaling pathway, in which B-catenin accumulates
and travels to the nucleus to activate Wnt to target gene
expression.'® This protocol for the quick induction of EC
progenitors from hiPSCs bypasses many of the limitations
of previously published methods by significantly reducing
differentiation time, avoiding fragile EB formation steps,

and eliminating serum and growth factors from the differ-
entiation medium completely.

In this study, we sought to establish a microvascular plat-
form for generating, in vitro, functional microvessals derived
from ECs that were differentiated from transgene-free hiPSCs
under chemically defined, growth factor-free conditions. We
developed a PDMS-based platform for the generation of
intact, perfusable hiPSC-EC microvessel networks in vitro.
Shear stress caused by flowing medium increased the secre-
tion of NO, caused ECs to align and redistribute actin fila-
ments parallel to the direction of the laminar flow, and also
caused significant increases in gene expression for arterial
markers Notchl and EphrinB2, as well as antithrombotic mar-
kers Kruppel-like factor 2 (KLF-2)/KLF-4. These changes in
response to shear stress in the microvascular platform were
observed in hiPSC-ECs but not in microvessels that were
derived from human umbilical vein endothelial cells
(HUVECsS), which indicated that hiPSC-ECs are more plastic
in modulating their phenotype under flow than are HUVECs.

Materials and Methods
Cell Culture

Human iPSCs (hiPSCs) were maintained on Matrigel as pre-
viously described.'®?® Briefly, hiPSCs were propagated on
human embryonic stem cell (hESC)-qualified Matrigel (BD
Biosciences, San Jose, CA, USA) from passages 25 to 40 and
maintained in mTeSR medium (Stemcell Technologies, Van-
couver, Canada). Medium was replaced daily, and hiPSC
colonies were routinely passaged every 5 to 7 d by mechanical
dissociation using dispase (Stemcell Technologies). All
hiPSCs expressed typical pluripotency markers, including
octamer-binding transcription factor 4 (Oct4), sex-
determining region Y-box 2, and Nanog as assessed by immu-
nostaining (data not shown). The hiPSC line Y6, utilized here,
was generated from healthy female neonatal fibroblasts using
the genome integration-free Sendai virus. The episomal
hiPSC line was purchased from WiCell (Madison, W1, USA).
Both cell types were used for experiments with emphasis on
the Y6 cells since they provided optimal EC differentiation.
Primary human ECs, including pooled primary HUVECs,
were obtained from the Yale University Vascular Biology and
Therapeutics Tissue Culture Core Facility. Human aortic
endothelial cells (HAECs) were purchased from PromoCell
(Heidelberg, Germany). Both cell types were maintained in
VascuLife vascular endothelial growth factor (VEGF)
medium (Lifeline Cell Technology, Frederick, MD, USA). All
cells were routinely passaged at 80% confluence every 3 to 4 d
and used between passages 2 to 5 (P2 to P5). Both HUVECs
and HAECs were used in experiments as rigorous controls for
differentiated venous and arterial cells, respectively.

2D in vitro Differentiation and Isolation of hiPSC-ECs

hiPSCs were differentiated into ECs using an adapted 2D,
serum and growth factor-free protocol.'® Briefly, when
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hiPSC colonies reached approximately 80% confluence (day
1), the mTeSR medium was aspirated, and the wells were
washed once with 1x phosphate-buffered saline (PBS).
Then, differentiation medium consisting of advanced Dul-
becco’s modified eagle medium (DMEM)/F12 supplemen-
ted with 2.5 mM GlutaMAX, and 60 pg/mL ascorbic acid
(Sigma-Aldrich, A8960, St, Louis, MO, USA) as well as
10 uM CHIR99021 was added. Fresh medium (2 mL per
well of 6 well plate) containing 10 pM CHIR99021 was
added the next day. On day 3, medium was replaced with
the basal medium containing no CHIR99021. On day 5, cells
were harvested for isolation.

For isolation of ECs from differentiated colonies, wells
were washed with PBS, and accutase was added for 7 min
at 37 °C. Cells were pipetted vigorously to ensure single-cell
suspension and were filtered through a 40 pm nylon mesh and
centrifuged at 1,000 rpm for 5 min. Then, a CD31 magnetic
bead (Dynabeads, Invitrogen, Thermo Fisher Scientific,
Carlsbad, CA, USA) isolation kit was used according to man-
ufacturer’s protocol. Briefly, approximately 2 million cells
(per 6-well plate) were incubated with 20 pL. of Dynabeads
in PBS + 0.1% bovine serum albumin (BSA) for 20 min at
4 °C with rocking, followed by placing tube in magnet and
washing to remove non-CD31+ cells. After isolation, CD31+
hiPSC-ECs (passage 0 [PO]) were plated on fibronectin-
coated plates (3 pg/cm?) in expansion medium—containing
VascuLife VEGF medium + 5 ng/mL VEGF. Once confluent,
cells were passaged routinely and plated at 10,000 cells/cm?.
Cells up to P5 were used for experiments.

PDMS Microfluidic System: Fabrication and Design

Microfluidic devices were made of PDMS (Silgard 184, Dow-
Corning, Midland, MI, USA) through soft lithography tech-
niques.!" The microchannels of the PDMS chip had a height
of 110 um, and channel widths varying between 80 and 200
pum, with the overall device area being 4 mm x 8 mm. The
mold for the PDMS replica was a negative photoresist SU-8
micropatterned silicon wafer. It was pretreated with trimethyl-
chlorosilane (Sigma-Aldrich) vapor for 30 min to facilitate
PDMS release. PDMS prepolymer elastomer base and curing
agent were mixed completely (parts A and B in 10:1 ratio),
poured onto the silicon master, and cured in the oven at 80 °C
for 1 h. After curing, inlets and outlets were punched using a
punch press (Schmidt Technology, Cranberry Twp, PA,
USA), and the PDMS layer was bonded to glass slides (Super-
frost Microscope Slides, Thermo Fisher Scientific, Waltham,
MA) after 30 s of oxygen plasma treatment. After the devices
were assembled, they were put in an 80 °C oven for an hour to
strengthen the bonding.

Computational Modeling of Microvascular Network

COMSOL Multiphysics (Version 4.0.0.982, COMSOL Inc.,
Burlington, MA, USA) software was used to perform finite
element analysis and model the flow conditions inside the

microfluidic device (Fig. 1A and C). A stationary laminar
flow model utilizing the Navier—Stokes and continuity equa-
tions on an incompressible fluid were used. A 3D model of
the device was constructed in COMSOL with a no-slip wall
boundary condition. Cell culture media density of 1,020 kg/
m’® ¢ and a viscosity of 0.8 cP?' were used as a reference. A
flow rate of 10 pL/min was used for the inlet boundary
condition (corresponding to actual experimental flow rates
applied to the device), while a pressure of 0 Pa was used for
the outlet boundary condition.

Cell Seeding and Microvessel Formation

To improve hydrophilicity of the PDMS and to facilitate cell
attachment, devices were filled with 5 pg/mL rat tail col-
lagen type I (9.27 mg/mL, Corning Inc., Ref. 354249, Corn-
ing, NY, USA) and placed in a 37 °C incubator for at least
1 h. Devices were then perfused with cell culture medium to
flush out excess collagen. For cell seeding, hiPSC-ECs or
HUVECsS at a concentration of 5 x 10° cells/mL were pre-
pared, and approximately 100 pL of the cell suspension was
loaded into the inlet of the microfluidic device, allowing the
cells to flow through the device and seed uniformly via
gravity-driven flow. The inlet and outlet ports were created
from blunt tip needles (23G, Becton Dickinson, Ref. 427565,
Franklin Lakes, NJ, USA). The devices were then placed in
the incubator at 37 °C for 2 h to allow cells to attach. The
medium was then replenished with fresh medium and placed
back into the incubator. Devices were cultured for 4 to 7 d
with medium replenishment (200 pL) occurring twice per
day in nonflowing cultures.

Shear Stress Application

In order to simulate the physiological levels of flow that exist
in vivo, shear stress was applied to microvessels. A syringe
pump (Legato 100, KD Scientific, Holliston, MA, USA) was
used at a flow rate of 10 pL/min, corresponding to roughly
0.1 to 11.3 dyne/cm? in wall shear stress in the device, based
upon COMSOL simulations. Briefly, a 20 cc syringe, con-
taining medium, was placed at the infusion site at the pump.
The needle from the syringe was connected to flexible plas-
tic tubing (Tygon, Saint-Gobain, Corp, AAQ04103, Mal-
vern, PA, USA) with an inner diameter of 0.020 inches
and an outer diameter 0.060 of inches. On the other end of
the plastic tubing was an L-shaped hollow pin, which con-
nected to the inlet on the microfluidic device. At the outlet of
the microfluidic device was another hollow pin connected to
plastic tubing, leading to a 15 mL conical tube, which acted
as a reservoir to collect spent medium.

Vascular Tube Formation Assay and TNF-a. Stimulation
for ICAM Expression

To assess the angiogenic capacity of hiPSC-ECs in vitro, a
thin layer of Matrigel (BD Biosciences) was used to coat the
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Fig. 1. In silico modeling of microvascular network using COMSOL shows (A) velocity magnitude (m/s) distribution profile in the device is
symmetrical after encountering bifurcation points near the inlet and outlet. (B) Pressure (Pa) gradient exists in the device, decreasing
uniformly from high to low (from inlet to outlet, respectively) after gravity-driven loading of medium. (C) Simulated wall shear stress (dyne/
em?) profile, at a flow rate of 10 pL/min, at inlet of device (left) and middle of device (right). (D) Syringe pump setup showing syringe-
containing medium (top) connecting to inlet of polydimethylsiloxane (PDMS) device (middle) with the outlet leading to a 15 cc conical tube
reservoir (bottom) to collect spent medium. Right shows blown up image of fully connected PDMS device.

wells of a 48-well plate, followed by seeding with 5 x 10*
cells directly in a minimal volume of medium. After 24 h,
wells were fixed in 4% paraformaldehyde (PFA), and net-
works were imaged using a phase-contrast microscope.

To assess the functionality of hiPSC-ECs in response to
cytokine stimulation, 10 ng/mL (final concentration) of
tumor necrosis factor oo (TNF-o) was added to hiPSC-ECs
for 15 h. Cells were harvested and compared with HUVECs
by Western blotting for induction of intracellular adhesion

molecule 1 (ICAM-1 expression). Negative control cells
were untreated with hiPSC-ECs and HUVECs.

Immunohistochemistry

For immunofluorescence analysis, cells were seeded into
4-well chamber slides and allowed to reach confluence.
They were then washed with PBS and fixed in 4% PFA in
PBS for 20 min at room temperature (RT). Cells were then
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Table I. Sequences of Primers Used in Quantitative Real-time Polymerase Chain Reaction.

Gene Length (bp) Forward Primer Reverse Primer

CD31 134 TGCAGTGGTTATCATCGGAGTG CGTTGTTGGAGTTCAGAAGTG
CDI44 80 TCACCTGGTCGCCAATCC AGGCCACATCTTGGGTTCCT

KDR 90 TGCCTCAGAAGAGCTGAAAAC CACAGACTCCCTGCTTTTGCT
EphrinB2 107 GTTCCGGCGTTTATTTCTG CCACAGCTAAATCGTCACC
Notchl 132 CACGCGGATTAATTTGCATC TCTTGGCATACACACTCCG
Connexin40 198 CTGCTAGGGAGTCACTGTACAC CTGGTCAGGGTTCGAGAGAG
CXCR4 102 CACCGCATCTGGAGAACCA GCCCATTTCCTCGGTGTAGTT
COUPTFII 77 GCCATAGTCCTGTTCACCTC CTGAGACTTTTCCTGCAAGC
EphB4 164 TGAAGAGGTGATTGGTGCAG AGGCCTCGCTCAGAAACTCAC
KLF2 102 ACTTTCGCCAGCCCGTGC AGTCCAGCACGCTGTTGAG

KLF4 93 CGAACCCACACAGGTGAGAA TACGGTAGTGCCTGGTCAGTTC
Jag2 61 GATACCACCCCGAATGAGGAG GGGTTGATCATGCCGGC

Tie 2 135 GCTAGAGTCAACACCAAGGC TCCAAGAAATCACAGCTGAGG
eNOS 79 GGAACCTGTGTGACCCTCA CGAGGTGGTCCGGGTATCC

Ang-1 120 CCTACACTTTCATTCTTCCAG TCTGGGAAGAGAAATCCGGT
Prox-1 119 CCCAGGACAGTTTATTGACCGA GGTTGTAAGGAGTTTGGCCCAT
Tlo 185 AGAGCAACAACTCAACGGGAA TTCTGCCAGGACCCAGAGC
CXCR4 79 CACCGCATCTGGAGAACCA GCCCATTTCCTCGGTGTAGTT
Z0-1 63 TGATCATTCCAGGCACTCG CTCTTCATCTCTACTCCGGAGACT
GAPDH 122 GACAACAGCCTCAAGATCATCAG ATGGCATGGACTGTGGTCATGAG

permeabilized and blocked for nonspecific antigen binding
with PBS + 10% fetal bovine serum (FBS) + 0.1% Triton X-
100 for 1 hour at RT. The cells were then incubated with
primary antibodies against platelet and endothelial cell adhe-
sion molecule 1 (CD31; Abcam, ab28364, Cambridge, UK),
vascular endothelial (VE)-cadherin (CD144; Santa Cruz
Biotechnology, sc-6458, Dallas, TX, USA), endothelial
nitric oxide synthase (eNOS; Abcam, ab5589), von Willeb-
rand factor (VWF; Abcam, ab6994) overnight at 4 °C. The
next day, cells were washed 3 times with 1x PBS and incu-
bated with corresponding secondary antibody (1:500) for 2 h
at RT. After washing 3 times with 1x PBS, mounting
medium—containing 4,6-diamidino-2-phenylindole (DAPI)
(Vector Laboratories, Burlingame, CA, USA) was applied
to slides to visualize nuclei, and coverslips were placed to
seal slides. The slides were visualized using a Leica camera
(Wetzlar, Germany) DMI6000 B fluorescence microscope.
Confocal microscopy was used to visualize luminal struc-
tures in microvessel PDMS devices by taking z-stacks of the
entire width of the device (200 um) with slice widths of
approximately 5 pm.

Real-Time Polymerase Chain Reaction (RT-PCR)

Quantitative RT-PCR was used to determine the expression
of endothelial markers in differentiated cells from hiPSCs,
cultured in the bioreactor and in static conditions. Cells from
the microfluidic device were harvested by adding accutase
(Innovative Cell Technologies, San Diego, CA, USA)
through the inlet for 5 min to allow cells to detach and were
extracted from the outlet using a blunt tip needle, followed
by immediately washing of the cells and freezing the cell
pellet. Adult human primary HUVECs and HAECs were

used as controls. Briefly, total cellular RNA was prepared
using the RNeasy Mini Kit (Qiagen, Hilden, Germany) fol-
lowing the manufacturer’s instructions. Single-stranded
cDNA was synthesized using the reverse transcription-
PCR protocol of the first-strand cDNA synthesis kit from
Invitrogen (Thermo Fisher Scientific). Quantitative real-
time PCR was performed using SYBR Green PCR Supermix
(Bio-Rad Laboratories, Hercules, CA, USA). Concentrations
of all primers were optimized before use. PCR conditions
included an initial denaturation step of 4 min at 95 °C, fol-
lowed by 40 cycles of PCR consisting of 15 s at 95 °C, 30 s at
60 °C, and 30 s at 72 °C. Each sample was run in triplicate.
The comparative Ct value method using glyceraldehyde
3-phosphate dehydrogenase (GAPDH) as a housekeeping
gene for an internal standard was employed to determine the
relative levels of gene expression. Ct values from the triplicate
PCR reactions for a gene of interest (GOI) were normalized
against average GAPDH Ct values from the same comple-
mentary DNA sample. Fold change of GOI transcript levels
between sample A and sample B = 272" where ACt =
Ct(GOI) — Ct(GAPDH) and AACt = ACt(A) — ACt(B). Pri-
mers that were used in this study are listed in Table 1.

Western Blotting

Approximately 1 million cells were lysed, and 30 mg of pro-
tein was loaded on a 4% to 12% sodium dodecyl sulfate
polyacrylamide electrophoresis gel (SDS-PAGE) (Bio-Rad
Laboratories) for Western blot analysis. Anti-ICAM-1 anti-
body (R&D Systems BBA17, Minneapolis, MN, USA)
1:1,000, anti-CD31 (Abcam 28364) 1:400, anti-VE-cadherin
1:100 (Santa Cruz Biotechnology SC6458), anti-B-catenin
1:100 (eBioscience Inc. 14-2567, Santa Clara, CA, USA),
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anti-Notch1-ICD 1:400 (Abcam 8925), anti-EphrinB2
1:1,000 (Abcam ab96264), anti-B-tubulin 1:4,000 (Genetex
GTX628802, Irvine, CA, USA), and anti-HSP90 1:1,000
(BD Biosciences 610419) were used to probe for proteins of
interest overnight at 4 °C. Blots were washed and incubated
with 1:5,000 Alexa Flour 680 rabbit anti-goat, goat anti-
mouse, or donkey anti-rabbit secondary antibodies for 1 h.
Protein bands were visualized using the Odyssey Infrared
Imaging System (LI-COR Biosciences, Lincoln, NE, USA.
Densitometry analysis of the gels was carried out using Ima-
gel software from the National Institutes of Health (NIH,
Bethesda, MD, USA; http://rsbweb.nih.gov/ij/).

Statistical Analyses

All experiments were repeated at least 3 times, and each
condition was analyzed in triplicate. Data are presented as
the means + standard error of the mean (SEM) for quanti-
tative variables. An unpaired Student’s ¢-test was performed
to evaluate whether the 2 groups were significantly different
from each other. A P value of <0.05 (2-tailed) was consid-
ered statistically significant, except in Fig. 2, where a P
value of < 0.02 (2-tailed) was considered statistically sig-
nificant. All statistical analysis was performed in Microsoft
Excel (Microsoft, Redmond, WA, USA).

Results

Evaluation of EC Marker Expression in Differentiating
hiPSC-ECs

hiPSCs were differentiated into ECs using an adapted 2D,
serum, and growth factor-free protocol (Fig. 3A).'® The
endothelial marker CD31 was significantly higher on day 5
as compared to day 1 of differentiation by qRT-PCR.
VE-cadherin was significantly higher on days 4 and 5, while
kinase insert domain receptor (KDR) was significantly higher
on day 5, as assessed by qRT-PCT (Fig. 3B to D). This method
relied on rapidly inducing mesoderm cells in the first 2 d (Fig.
3E) using CHIR, then switching cells to a simple basal medium
consisting of Advanced DMEM/F12 supplemented with 2.5
mM GlutaMAX, and 60 pg/mL ascorbic acid (Sigma-
Aldrich, A8960) from day 3 to day 5 to obtain EC progenitors
(Fig. 3F), followed by isolation of hiPSC-ECs (Fig. 3G).

On day 5, immunofluorescence analysis of differentiating
cells revealed robust expression of VE-cadherin+ cells
(Fig. 3H to J). Western blot analysis demonstrated that both
VE-cadherin (Fig. 3 K) and CD31 (Fig. 3 L) expression was
present in day 5 differentiating cells while not in hiPSCs.

Effect of CHIR on Vascular and Arterial-Like Marker
Expression in Differentiating hiPSC-ECs

Connexin 40 is widely distributed in the endothelium of
large arteries,”> while protein jagged-2 (Jag2) is a Notch
ligand expressed by arterial ECs in mice;> and tyrosine
kinase with immunoglobulin and epidermal growth factor

homology domains (Tie2) is involved in vascular stabiliza-
tion and remodeling. We found that Connexin 40 and Jag2
gene expression were significantly higher on day 5 as com-
pared to day 1, whereas Tie2 gene expression did not signif-
icantly change (Fig. 2A and C, P <0.02 compared to day 1 of
differentiation). These data are consistent with a potential for
arterial-like phenotype in early differentiating ECs using this
hiPSC differentiation strategy.

In order to confirm this, we next looked at an important
signaling pathway in inducing an arterial phenotype, the
Notch pathway. Notchl gene expression was found to be
significantly upregulated on day 5 of differentiation as com-
pared to day 1 (Fig. 2D). Also, Western blot analysis showed
appreciable Notchl-actived (NICD) protein on days 1 to 5.
NICD was also expressed in HUVEC controls and at a very
low level in HAECs, which could be due to multiple passages
in culture (Fig. 2E). We next looked at the expression of
EphrinB2, an arterial marker that is downstream of the Notch
pathway. Although EphrinB2 messenger RNA (mRNA)
expression was significantly higher on day 5 as compared to
day 1, strong protein expression was detectible on days 1 to 5
(Fig. 2F and G). In fact, quantitative densitometry showed
significantly higher levels of expression as compared to arter-
ial control cells, HAECs, on days 4 and 5, whereas there were
almost undetectable levels in day 0 hiPSCs (Fig. 3G, bottom
graph). Taken together, these data show that the differentia-
tion protocol was inducing activation of the Notchl pathway
in differentiating hiPSCs, and activation of EphrinB2 expres-
sion. This induction is visible at both the mRNA and protein
levels, and is comparable to, or higher than, what is observed
in culture-expanded human arterial endothelium.

Characterization of Isolated hiPSC-ECs

Isolated hiPSC-EC populations were expanded and assessed
after CD31 magnetic bead isolation on day 5 of differentia-
tion. Initial isolated hiPSC-ECs were allowed to grow to
confluence and termed passage 0 (P0O) cells, and subsequent
characterization occurred between P1 and P3. Immunohis-
tochemistry revealed robust expression of CD31, VE-
cadherin, vVWF, eNOS, and some Ephrin type-B receptor 4
(EphB4) positivity (Fig. 4A to E). hiPSC-ECs form networks
when cultured on Matrigel (Fig. 4F). Gene expression anal-
ysis using qRT-PCR demonstrated hiPSC-ECs have signifi-
cantly higher levels of the general EC marker KDR, arterial
markers Notch 1, EphrinB2, and Connexin 40, and signifi-
cantly lower levels of venous marker chicken ovalbumin
upstream promoter transcription factor 2 (COUP-TFII) and
lymphatic marker prospero homeobox protein 1 (Prox-1)
when compared to HUVEC controls (P < 0.05; Fig. 4G
and H). They also have comparable levels of CD31 and
VE-cadherin compared to HUVECs (Fig. 4G). Similarly,
Western blots demonstrated comparable protein level
expression of CD31 compared to HUVEC (Fig. 41). Expres-
sion of ICAM-1 (100 kD band) in hiPSC-ECs was induced
after treatment with TNF for 15 h (Fig. 4 J, tubulin-loading
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Fig. 2. Quantitative real-time reverse transcription polymerase chain reaction (QRT-PCR) showing the time course for the upregulation of
arterial endothelial cell (EC)-specific genes (A) Connexin 40, (B) protein jagged-2 (Jag2), and (C) tyrosine kinase with immunoglobulin and
epidermal growth factor homology domains (Tie2) over 5 d (DI-D5). (D) qRT-PCR showing the time course for upregulation of Notchl,
and (E) Western blot demonstrating the protein-level expression of Notch | -activated (NICD, 100 kD band) from day 0 (DO0) of differentia-
tion all the way through day (D5) compared to human umbilical vein endothelial cell (HUVEC) and human aortic endothelial cells HAEC
controls (left to right, heat shock protein 90 [HSP90] used as loading control, bottom). (F) qRT-PCR showing the time course for
upregulation of the arterial marker EphrinB2 from day O to day 5 (DI-D5). Asterisks in A-F indicate P < 0.02 compared to day | of
differentiation. (G) Western blot demonstrating the protein-level expression of EphrinB2 (37 kD band) from day 0 (D5) of differentiation all
the way through day 5 (D5) compared to HUVEC and HAEC controls. Bottom graph shows quantitative densitometry of EphrinB2
expression relative to HAECs over 5 d, with asterisks indicating P < 0.05 compared to HAECs, demonstrating a significant increase on
days 4 and 5. For qRT-PCR, values from 3 independent experiments from the triplicate polymerase chain reaction (PCR) reactions for genes
of interest were normalized against average glyceraldehyde 3-phosphate dehydrogenase (GAPDH) Ct values from the same complementary
DNA (cDNA) sample. Fold change of gene of interest (GOI) transcript levels between samples equals 2-AACt, where ACt=Ct(GOI) —
Ct(GAPDH), and AACt=ACt(ATIl) — ACt(ATIl). For all panels, data represent at least 3 observations for each experiment and are
expressed as mean values + standard error of mean [SEM].
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Fig. 3. (A) Schematic for directed differentiation protocol of human induced pluripotent stem cell-derived endothelial cells (hiPSC-ECs) in
vitro in 5 d via a 2D monolayer approach using the small molecule glycogen synthase kinase 3f inhibitor CHIR9902|. Quantitative real-time
reverse transcription polymerase chain reaction (QRT-PCR) showing the time course for the upregulation of the endothelial cell (EC)-
specific genes (B) CD3, (C) vascular endothelial (VE)-cadherin, and (D) kinase insert domain receptor (KDR) over 5 d (D1-D5). Asterisks
indicate P < 0.05 compared to D |. Phase contrast images of (E) early mesodermal cells at day 2 (F) endothelial or endothelial-progenitor cells
at day 5 and (G) isolated PO hiPSC-ECs (via CD3 1+ magnetic bead selection) at confluence, showing typical EC cobblestone morphology.
Immunofluorescence staining of typical differentiating hiPSC colony at day 5 showing (H) nuclei via 4’,6-diamidino-2-phenylindole (DAPI,
blue) (I) emerging VE-cadherin positive cells (red) and (J) merge of DAPI and VE-cadherin, scale bar = 200 pm. (K) Western blot showing no
expression of VE-cadherin (132 kD band) in hiPSCs (left) and strong expression on day 5 of differentiation (D5, right) with HSP90 (bottom)
used as loading controls. (L) Western blot showing no expression of CD31 (130 kD band) in hiPSCs (left), and strong expression on day 5 of
differentiation (D5, right) with HSP90 (bottom) used as loading controls. For qRT-PCR, values from 3 independent experiments from the
triplicate PCR reactions for genes of interest were normalized against average GAPDH Ct values from the same complementary DNA
(cDNA) sample. Fold change of GOI transcript levels between samples equals 2-AACt, where ACt=Ct(GOI) — Ct(GAPDH), and
AACt=ACt(ATIl) — ACt(ATIl). (Error bar indicates + standard error of mean [SEM] and n = 3 independent experiments).
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Fig. 4. Inmunofluorescence analysis of selected endothelial cell (EC) markers in human induced pluripotent stem cell-derived
endothelial cells (hiPSC-ECs) after differentiation, isolation, and expansion for 2 to 3 passages on fibronectin-coated plates shows
expression of (A) CD3I, (B) vascular endothelial (VE)-cadherin, (C) von Willebrand factor (VWF), (D) endothelial nitric oxide
synthase (eNOS), and (E) Ephrin type-B receptor 4 (EphB4). A functional assay demonstrates that hiPSC-ECs (F) form networks
when cultured on Matrigel-coated plates for 24 h. Scale bars = 25 pm. Quantitative real-time reverse transcription polymerase chain
reaction (QRT-PCR) analysis of endothelial cells (EC) gene expression in hiPSC-ECs, relative to human umbilical vein endothelial cells
(HUVEG:), for (G) general EC markers CD31, vascular endothelial (VE)-cadherin and kinase insert domain receptor (KDR; pink),
lymphatic marker prospero homeobox protein | (Prox-1; green), and (H) arterial markers Notchl, EphrinB2, and Connexin 40 (red)
and venous marker chicken ovalbumin upstream promoter transcription factor 2 (Coup-TFll; blue), with asterisks indicating P < 0.05
compared to HUVECs. Western blot showing (l) strong CD3I expression (130 kD band) in isolated hiPSC-ECs compared to
HUVECs with HSP90 loading control and (J) expression of intracellular adhesion molecule | (ICAM-1; 100 kD band) in hiPSC-
ECs after treatment with tumor necrosis factor (left) and in HUVECs (right) with tubulin-loading controls, demonstrating comparable
levels of induction. (Error bar indicates + standard error of mean [SEM] and n = 3 independent experiments. Asterisks indicate
P < 0.05 compared to HUVEC:S).
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Fig. 5. Physical model of (A) polydimethylsiloxane (PDMS)-microfluidic device attached to glass slide with blunt needles (green) plugged at
the inlet and outlet used for seeding of cells and medium replenishment (left), phase-contrast image showing seeding of human umbilical vein
endothelial cells (HUVECs; center) and attached and proliferating HUVECs after 4 d of culture in device (right). Immunofluorescence
analysis of microvessels generated from HUVECs for (B) von Willebrand factor (VWF; green, top left and bottom left, scale bars = 100 um
and 50 pm, respectively) and vascular endothelial (VE)-cadherin (red, top right and bottom right, scale bars = 100 pum and 50 pum,
respectively). (C) 3D confocal micrographs of microvessels generated from hiPSC-ECs showing4, 6-diamidino-2-phenylindole (DAPI) for
lumens (blue, left) and VE-cadherin showing intact microvascular junctions (scale bars = 100 um).

control on bottom), with a level of induction similar to
HUVECs, demonstrating that cells are capable of responding
to injury. Therefore, hiPSC-ECs appear to be fairly function-
ally mature cells, with an arterial-like phenotype.

Microvascular Networks in PDMS Microfluidics

HUVECs and hiPSC-ECs were seeded in the PDMS system
and cultured for 4 to 7 d. Both cell types attached and pro-
liferated within the channels after initial seeding (Fig. 5A).
At the end of the static culture period of 4 to 7 d,

immunofluorescence revealed robust coverage by HUVECs,
via expression of vVWF and VE-cadherin (Fig. 5B). 3D con-
focal microscopy revealed well-developed junctions as
assessed by VE-cadherin (Fig. 5C).

In Silico Modeling of Shear Stress
in Microvascular Networks

COMSOL modeling for a 10 uL/min flow condition showed
that the velocity (m/s; Fig. 1A) decreased significantly after
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encountering the initial bifurcations in the system, while the
pressure (Pa) uniformly decreased (Fig. 1B), creating a gra-
dient of pressure through the system with a total pressure
drop of 24.1 Pa. The simulated wall shear stress profiles
within the device showed a maximum magnitude of
11.3 dyne/cm?” at the inlet region, which reduced signifi-
cantly at the middle and outlet regions, and remained highest
along the wall and bifurcation points (Fig. 1C). From these
calculations, we found that, the operating range of shear
stresses was 0.1 to 11.3 dyne/cm?.

Effect of Flow on Microvessel Phenotype

Literature suggests that shear stress ranges from 19 dyne/cm?
in arterioles,* to 95 dyne/cm? in the smallest capillaries of
the conjunctiva, to less than 1 dyne/cm? in venules.”® Cul-
tured endothelial progenitor cells increased EphrinB2
expression in a shear stress—dependent manner over the
range of 0.1 to 2.5 dyne/cm?, thus inducing an arterial phe-
notype.”®?” This implies that only a small amount of shear
stress is necessary to induce phenotypic changes in vascular
progenitors. This correlated with our previous study'® in
which shear stress in the range of 5 to 10 dyne/cm® was
sufficient to have a significant effect on Notchl signaling
in immature hiPSC-ECs. Based upon these observations, we
used a maximum shear stress of 11.3 dyne/cm?, based on
COMSOL modeling of the microvascular network, to deter-
mine the phenotypic changes imparted by the flow on
hiPSC-EC microvessels compared to static controls.

We found that hiPSC-ECs had a random orientation in the
static microvessels after 4 to 7 d of culture, whereas after
24 h of continuous laminar flow conditions, they aligned
parallel to the direction of the flow (Fig. 6Aand B).*®?°
We also found that shear stress caused changes in the distri-
bution of actin filaments as assessed by immunofluorescence
staining for F-actin (Fig. 6 C and D). In static controls, the
actin fibers were not elongated (Fig. 6C) but after 24 h of
flow, they had long, striated fibers (Fig. 6D).*° Therefore, in
this system, ECs respond to flow in an expected manner.

We found that static microvessels had nonuniform and
sparse immunofluorescence for EphrinB2 expression, indi-
cating the lack of an arterial phenotype. However, after 24 h
of flow, EphrinB2 expression greatly increased (Fig. 6E and
F) with the strongest staining at the edges of the microvessels
as well as at the bifurcation points, which corresponded to
the high shear regions in the device (Fig. 1C). Therefore, it
may be that shear in the range of 0.1 to 11.3 dyne/cm? in our
system “arterialized” microvessels, with region-specific dif-
ferences in the expression of EphrinB2.

Lastly, we looked at NO expression. Static microvessels
were found to express a low level of NO (Fig. 6G), but shear
stress increased the amount of NO secreted (Fig. 6 H) as
assessed by immunofluorescence staining using 4-amino-5-
methylamino-2’,7’-difluroflourescein diacetate. Since NO
production has been implicated in vascular remodeling, angio-
genesis,”' and modulating microvascular permeability,*?

Static

100 pm
T

100 pm
R

100 pm
—

Fig. 6. Phase contrast imaging of (A) static human induced pluri-
potent stem cell-derived endothelial cell (hiPSC-EC) microvessel
morphology compared to (B) morphology of hiPSC-ECs after 24 h
of flow. Immunofluorescence analysis of (C) F-actin staining (red) of
static hiPSC-ECs compared to (D) F-actin after 24 h of flow. Immu-
nofluorescence staining of (E) EphrinB2 expression (red) in static
hiPSC-EC microvessels compared to (F) EphrinB2 expression after
24 h of flow. Live cell immunofluorescence analysis of (G) nitric
oxide (NO) production in static hiPSC-EC microvessels compared
to (H) NO production after 24 h of flow. Flow condition was 10 pl/
mL for 24 h. Scale bars = 100 pm.

these data indicate that the engineered microvessels were
behaving in a physiologically relevant manner.

RT-PCR Assessment of hiPSC-EC
Microvessel Phenotype

We examined the transcription factors Kruppel-like factor 2
(KLF2/KLF4), venous marker EphB4, and arterial markers
Notchl and EphrinB2 after 24 h of flow as compared to static
controls. In assessing venous and arterial marker expression in
hiPSC-EC microvessels, we found no significant change in
the expression level of the venous marker EphB4, while there
were significant increases in both Notchl and EphrinB2 gene
expression (arterial markers) under shear stress (Fig. 7A).
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Fig. 7. Quantitative real-time reverse transcription polymerase
chain reaction (qQRT-PCR) showing gene expression changes
under shear compared to static controls for Kruppel-like factor
2 (KLF2), KLF4, Ephrin type-B receptor 4 (EphB4), Notch| and
EphrinB2 in (A) human induced pluripotent stem cell-derived
endothelial cell (hiPSC-EC) microvessels and (B) human umbili-
cal vein endothelial cell (HUVEC) microvessels. Values from 3
independent experiments from the triplicate polymerase chain
reaction (PCR) reactions for genes of interest were normalized
against average glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) Ct values from the same complementary DNA
(cDNA) sample. Fold change of gene of interest (GOI) tran-
script levels between samples equals 2-AACt, where ACt =
Ct(GOI) — Ct(GAPDH), and AACt=ACt(ATIl) — ACt(ATII).
Data represented as relative value (shear over static). Asterisks
indicate P < 0.05. For all panels, data represent at least 3 obser-
vations for each experiment and are expressed as mean values
4+ standard error of mean.

Interestingly, shear stress did not have any significant
impact on EphB4, Notchl, or EphrinB2 gene expression in
HUVEC microvessels (Fig. 7B). These data indicate that
hiPSC-EC microvessels are more responsive to flow in mod-
ulating their phenotype, and possess more plasticity, as com-
pared to HUVECs. We found that shear stress caused an 8.3 and
10.6-fold increase in KLF2 and KLF4 gene expression relative
to static conditions, respectively, in hiPSC-EC microvessels
(Fig. 7A, top). In contrast, in HUVEC microvessels, KLF2
gene expression was not significantly changed under shear
stress, whereas KLF4 increased 8.2-fold relative to static con-
ditions (Fig. 7B, bottom). Thus, it appears that while HUVECs
responded partially to flow, the magnitude and extent of the
response are greater in hiPSC-ECs.

Discussion

Microvascular ECs exhibit significant functional heterogene-
ity in vivo with respect to the organ bed in which they reside.'
Recent work has demonstrated that human pluripotent stem
cells (both hESCs and hiPSCs) can be differentiated into var-
ious EC subtypes.'® Specifically, blood—brain barrier (BBB)
ECs were derived from hiPSCs when codifferentiated from
neural cells, and the resulting ECs had many BBB attributes,
including polarized efflux transporter activity, substantial bar-
rier properties, and well-organized tight junctions.*® Never-
theless, this protocol required primary cell coculture to derive
the brain-specific microvascular ECs, perhaps limiting its
potential application. Additionally, Sriram et al. recently
described the differentiation of hESCs into almost pure popu-
lations of venous and arterial ECs with distinct molecular and
functional profiles in vitro through the use of growth factors.**
These in vitro phenotypic characteristics impacted microves-
sel structures in vivo, with distinct differences being observed
in the Matrigel plug assay, including higher amounts of cov-
erage by perivascular cells in arterial EC-seeded plugs. It
needs to be determined whether the enrichment of arterial
or venous subtypes provides any therapeutic benefit over a
mixed population of ECs.

This study describes the “partial arterialization” of differ-
entiating hiPSC-ECs over the course of 5 d using a 2D,
chemically defined and growth factor-free protocol. In addi-
tion to significant increases in the gene expression of arterial
markers EphrinB2, Notchl, and Connexin 40 on day 5 of
differentiation (compared to day 1), Western blot demon-
strated sustained protein expression of both NICD and
EphrinB2 on all days of differentiation (D1-D5), indicating
that this protocol was inducing an arterial-like phenotype
from an early time point.

To demonstrate the feasibility of generating intact micro-
vascular networks, we seeded hiPSC-ECs and HUVECs into
a PDMS-based microfluidic and exposed them to constant
physiological flow. Cells cultured in this manner could upre-
gulate NO and align parallel to the direction of flow, demon-
strating flow-sensing ability similar to in vivo microvessels.
hiPSC-ECs that were exposed to flow had significantly upre-
gulated EphrinB2 and Notch 1, as well as KLF2 and KLF4,
as compared to static controls, indicating an arterial-like,
antithrombotic and anti-inflammatory phenotype. However,
HUVECs did not have any upregulated arterial markers and
demonstrated only a significant increase in KLF4, which
indicates that hiPSC-ECs are more plastic in modulating
their phenotype under flow than are HUVECs. Since KLF2
appears to be critical in flow-mediated regulation of EC
function (while a precise role of KLF4 has yet to be eluci-
dated),* these results demonstrate a favorable effect of flow
on hiPSC-ECs. These findings could have important impli-
cations for the enrichment of ECs toward an arterial-like
subtype for microvasular tissue engineering applications.

Some limitations of this study include the use of laminar
flow as compared to peristaltic flow, which is more
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representative of the in vivo situation, and a single short-
term continuous flow condition of 24 h as opposed to a
longer term for several days, which could potentially impact
the phenotypic changes in the microvessels. Additionally,
our model included only ECs, whereas in vivo microvessels
are covered by perivascular cells, including smooth muscle
cells and pericytes.’**” Thus, future improvements should
consider coculture models. Lastly, there is a range of shear
stress that is present in the device. The global changes seen
in the qRT-PCR data could be reflective of small changes
throughout, or big changes at the inlet/outlet and little
change elsewhere. Since the staining was selected closer to
the inlet, further work will require more in depth analysis to
correlate the micro-regional physical conditions with the
observed changes in phenotype.

The likely mechanism of endothelial specification and
induction by CHIR is through the Wnt/B-catenin signaling
pathway, in which B-catenin accumulates and travels to the
nucleus to activate Wnt target gene expression.'® Further-
more, evidence reveals a close connection between the
Notch signaling pathway, which is involved in regulating
arterial marker expression, and canonical Wnt/B-catenin sig-
naling. In fact, dual induction of NICD and B-catenin caused
enhanced arterial gene expression during in vivo angiogen-
esis in adults.*® Thus, further experimentation to determine
whether the convergence of Notch and -catenin, via a single
protein complex of NICD-B-catenin-recombining binding
protein suppressor of hairless (RBP-J), can drive arterial fate
specification under flow is warranted.

Multiple groups have demonstrated the possible therapeu-
tic benefits of using stem cell-derived ECs for treating dis-
eases, including hind limb ischemia,’® myocardial
infarction,*® and long-term survival after graft implanta-
tion.! However, in order to be able to translate such studies
into human clinical trials, chemically defined conditions for
differentiation that are devoid of xenogeneic components,
such as FBS and murine feeder layers, must be developed
due to the potential risk of transmission of animal pathogens.
hiPSC lines that are reprogrammed using genome
integration-free conditions should offer the highest likeli-
hood of success for clinical trials, with the lowest risk profile
to patients.

Conclusion

This study demonstrates that PDMS-based microfluidic
devices can be used to generate intact microvessels in vitro
and can be subjected to shear stress to mimic in vivo phy-
siological conditions. These data show that this system can
recapitulate some key biological features of microvessels,
including the ability to regulate NO production, cytoskeletal
rearrangement, and modulation of phenotype with the appli-
cation of shear stress. Some important advantages of the
hiPSC-ECs used in this report include their phenotypic plas-
ticity, their ability to be derived quickly in a reproducible
manner, and their freedom from xenogeneic serum exposure.

Since these cells represent a clinically relevant cell source,
they are amenable to various applications in regenerative
medicine, including drug screening and disease modeling.
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